Multilocus sequence analysis of the central clade of the genus Vibrio by using the 16S rRNA, recA, pyrH, rpoD, gyrB, rctB and toxR genes The central clade of the genus Vibrio, also called the Vibrio core group, comprises six species that are tightly related (DNA-DNA reassociation values are very close to 70 % for most species pairs). Identification of novel strains to the species level within this group is troublesome and results are quite often dependent on the methodology employed. Therefore, this group represents an excellent framework to test the robustness of multilocus sequence analysis (MLSA) not only for inferring phylogeny but also as an identification tool without the need for DNA-DNA hybridization assays. The genes selected, 16S rRNA, recA, pyrH, rpoD, gyrB, rctB and toxR, were amplified by direct PCR from 44 Vibrio core-group strains. Subsequent analysis allowed us to recognize toxR and rpoD as the most resolving individual genes and showed that concatenated sequences of rpoD, rctB and toxR were more useful than concatenated sequences of all seven genes. To validate our conclusions, MLSA similarities have been correlated with DNA-DNA relatedness values obtained in this study and values taken from the literature. Although the seven concatenated genes gave the best correlation, the concatenated sequences of rpoD, rctB and toxR have the practical advantage of showing a considerable gap between the maximal interspecies similarity and the minimal intraspecies similarity recorded, meaning that they can be used quite conveniently for species identification of vibrios.
INTRODUCTION
MLSA (multilocus sequence analysis) is a recently developed technique derived from multilocus sequence typing that has been used successfully in epidemiology studies. The use of MLSA as an alternative method for species delineation in bacteriology is currently being evaluated, following a recommendation of the ad hoc committee for the re-evaluation of the species definition in bacteriology (Stackebrandt et al., 2002) . In MLSA studies, several housekeeping genes (more than five) are analysed and relationships between taxa are established. One important advantage of this kind of approach is the availability of genomic sequences from any laboratory, avoiding the problems of lack of comparability that are associated with DNA-DNA reassociation data. However, the usefulness of MLSA for describing bacterial species has to be demonstrated for each of the taxa or group of species studied and for the selected housekeeping genes. Authors should prove that there is a sufficient degree of congruence between the alternative technique (i.e. MLSA) and DNA-DNA reassociation data. To date, the technique has been applied to discrete bacterial taxa, mainly genera of lactic acid bacteria (Naser et al., 2006) , Borrelia (Richter et al., 2006) , mycobacteria (Mignard & Flandrois, 2008) , pseudomonads and relatives (Young & Park, 2007) , Ensifer (Martens et al., 2007 (Martens et al., , 2008 and the Vibrionaceae (Goarant et al., 2006; Urbanczyk et al., 2007; Thompson et al., 2008; Rameshkumar et al., 2008) .
In the family Vibrionaceae, sequence similarities for the 16S rRNA gene are ¢97.6 % among members of the so-called Vibrio core group, which is formed by six species, Vibrio harveyi, V. campbellii, V. rotiferianus, V. parahaemolyticus, V. alginolyticus and V. natriegens (Dorsch et al., 1992 cases approaching 70 %, as is the case for V. harveyi and V. campbellii (Reichelt et al., 1976; Brenner et al., 1983) . Sawabe et al. (2007) estimated the divergence of this pair of species at only 39 million years ago, one of the more recent divergence events within the genus. Accordingly, the phenotypic and genotypic resemblance among the members of the group is so high that almost no traits are available for absolute discrimination between species, making identification to the species level very difficult. As several species in the group are pathogens of humans and/ or fish, accurate differentiation among them is particularly relevant. In this context, the study of Thompson et al. (2007) represented a major contribution to the differentiation of V. harveyi and V. campbellii through MLSA; however, only a few strains of their sister species V. rotiferianus and no other members of the clade were included.
The aim of this study was to investigate the usefulness of the MLSA approach for the resolution of the central clade of Vibrio, using six protein-encoding genes and the 16S rRNA gene from 44 representatives of all species and to compare the output of this technique with DNA-DNA relatedness within the species complex.
METHODS
Strains and culture conditions. Forty-four Vibrio strains were used in this study (Table 1) , including type, reference and environmental strains. The six species of the central clade of Vibrio together with the type strain of Vibrio cholerae, CECT 514 T , were studied. Type and reference strains were obtained from CECT (Colecció n Española de Cultivos Tipo, Spain) and CAIM (Collection of Aquaculture Important Microorganisms, Mexico). Some environmental strains were obtained during surveys on bacteria associated with cultured fishes in several Spanish Mediterranean fish farms and tentatively identified as V. harveyi by Pujalte et al. (2003) . Some other strains were received as V. rotiferianus according to (GTG) 5 analysis. The origin of the strains is reported in Table 1 . Strains were grown aerobically on marine agar (MA) and in marine broth (MB) (Difco 2260) overnight at room temperature. Cultures were maintained on semi-solid MA stabs (prepared with 0.2 % w/v agar) at room temperature and as suspensions in MB plus 20 % glycerol at 280 uC.
DNA preparation, PCR amplification and sequencing of the genes. Bacterial genomic DNAs were extracted according to a method described previously (Pitcher et al., 1989) . The following genes were studied: 16S rRNA, recA, pyrH, rpoD, gyrB, rctB and toxR. PCR primers used for amplification and sequencing of these genes are listed in Supplementary Table S1 , available in IJSEM Online. PCR mixtures were composed of 5.0 ml PCR buffer (106), 0.75 ml MgCl 2 (100 mM), 1.0 ml dNTPs (10 mM each), 1.0 ml each forward and reverse primers (50 mM), 0.5 ml Taq polymerase (5 U ml 21 ; Genotaq) and 5.0 ml template DNA (50 ng ml 21 ) in a total volume of 50 ml. PCR amplifications were performed using a PTC-100 MJ Research ThermoCycler. For the protein-encoding genes, the thermal program consisted of (i) 5 min at 95 uC; (ii) 3 cycles of 1 min at 95 uC, 2 min 15 s at 55 uC and 1 min 15 s at 72 uC; (iii) 30 cycles of 35 s at 95 uC, 1 min 15 s at 55 uC and 1 min 15 s at 72 uC; and (iv) a final extension at 72 uC for 10 min. The conditions for 16S rRNA gene amplification were (i) 4 min at 94 uC; (ii) 30 cycles of 1 min at 94 uC, 1 min 30 s at 52 uC and 2 min at 72 uC; and (iii) a final elongation step of 10 min at 72 uC. Amplified products were examined by agarose gel electrophoresis (1.2 %) and ethidium bromide staining. Purified amplicons (Mo Bio Laboratories) were sequenced by the dideoxy method using the BigDye Terminator v. 3.0 Ready Reaction cycle sequencing kit and analysed in an ABI PRISM 3700 sequencer (Applied Biosystems). Sequencing primers were the same ones used in the amplification reaction but diluted tenfold (5 pmol).
Recombination analyses. Putative recombination events were detected using RDP3 Beta 27 (Martin et al., 2005) . This program identifies recombinant sequences and recombination breakpoints using two phylogenetic methods, RDP and Bootscan, which infer recombination when different parts of the genome result in discordant topologies, and four nucleotide substitution methods, MaxChi, Chimera, Geneconv and SiScan, which examine the sequences either for significant clustering of substitutions or for a fit to an expected statistical distribution. Recombination events were considered only when they were identified by at least two methods. Statistical significance was set at the P¡0.01 level.
Phylogenetic data analysis. Nucleotide sequence alignments were revised visually to identify positions with uncertain alignment, mainly at the ends of the sequences, to be corrected or omitted from further analyses. Multiple sequence alignments were obtained using CLUSTAL_X (Thompson et al., 1997) , taking into account the corresponding amino acid alignment for protein-coding genes. Phylogenetic analysis was performed using the program PAUP* version 4.0b10 (Swofford, 2002) . Neighbour-joining (NJ), maximum-parsimony (MP) and maximum-likelihood (ML) analyses were obtained for each gene. NJ analyses were performed using Kimura's twoparameter model. MP analyses were carried out using a heuristic search option. For ML analysis of each gene, the optimal models of nucleotide substitution were estimated through the program MODELTEST 3.7 (Posada & Crandall, 1998; Posada & Buckley, 2004) using the Akaike information criterion (AIC) (Supplementary Table  S1 ). Bootstrap analyses were performed using 1000 replications for NJ, MP and ML.
DNA-DNA hybridization and correlation studies. DNA-DNA hybridization experiments were done with the hydroxyapatite method using microtitre plates as described by Ziemke et al. (1998) with a hybridization temperature of 60 uC. These experiments were performed in triplicate on 11 strains selected as representatives of each subclade of the V. harveyi, V. campbellii and V. rotiferianus clades obtained in the seven-gene concatenated analysis.
DNA-DNA hybridization data obtained in this study (Table 2) as well as values for type and reference strains retrieved from the literature (Supplementary Table S2 ) were compared to the distance matrix data for each gene individually and the distance matrix corresponding to the concatenated gene sequences. Correlation between values was calculated using Pearson's product-moment correlation coefficient.
RESULTS AND DISCUSSION
In this study, we have analysed the sequences of seven genes (six protein-encoding genes and the 16S rRNA gene) from 44 Vibrio strains representing the six species of the core group (Table 1) . Among the environmental strains, eight were reidentified according to the results obtained in this study (see footnote to Table 1), and this identity is used in the discussion that follows. All sequences were obtained in our laboratory except for six 16S rRNA gene sequences that were retrieved from public databases ( Table 1 ). The length of the alignments used were: Table S1 ).
Individual gene sequences
For each gene, three phylogenetic trees were obtained, based on the NJ, MP and ML methods. NJ trees are shown in Fig. 1 . Other trees are supplied as Supplementary Figs S1 and S2. The range of lengths of the amplicons was from 477 nt for toxR to 1385 nt for the 16S rRNA gene. There was no direct relationship between the number of nucleotides and the number of parsimony-informative sites in the nucleotide sequence. The amplicon with the largest number of nucleotides (16S rRNA gene) has the smallest number of parsimony-informative sites and, vice versa, the shortest amplicon (toxR) has the largest number of parsimony-informative sites (Supplementary Table S1 ).
In order to check for possible recombination events in the seven genes studied, we analysed the 44 sequences of each gene with the RDP3 Beta 27 program. Several recombination events were noted in recA, rpoD, gyrB, rctB and toxR (Supplementary Table S3 ). Among them, only the events involving the gyrB and rctB genes affect tree topology. Starting with gyrB, all V. harveyi strains as well as strains CECT 523
T , CAIM 128, CAIM 419 and CAIM 521 of V. campbellii have suffered a recombination event of 280 nt with an unknown strain; therefore, all of them cluster together and separately from the remaining V. campbellii strains (gyrB trees; Fig. 1 and Supplementary Figs S1 and S2). For the same gene, another strain of V. campbellii, R379, and the four strains of V. alginolyticus show a recombination event of 256 nt. This event explains the position of strain R379 within the V. alginolyticus clade (gyrB trees; Fig. 1 and Supplementary Figs S1 and S2) . *Identified phenotypically as V. harveyi in a previous study (Pujalte et al., 2003) . DReceived as V. rotiferianus based on (GTG) 5 genotyping (B. Gó mez-Gil, personal communication). Finally, V. alginolyticus CECT 521 T shows a recombination affecting 169 nt of the rctB gene with Vibrio parahaemolyticus CECT 5305. This explains the position of the type strain of V. alginolyticus close to V. parahaemolyticus when using the rctB gene (rctB trees; Fig. 1 and Supplementary Figs S1 and S2) and increases the within-species distances for this gene (Fig. 2) .
The ranges of intraspecific sequence similarity were 98.8-100 % (16S rRNA gene), 92.7-100 % (recA), 93.7-100 % (pyrH), 95.6-100 % (rpoD), 86.8-100 % (gyrB), 85.6-100 % (rctB) and 77.2-100 % (toxR) ( Table 3) , whereas the ranges of interspecific sequence similarity were 97.6-99.9 % (16S rRNA gene), 87.9-99.9 % (recA), 86.4-97.8 % (pyrH), 79.1-96.0 % (rpoD), 83.1-99.5 % (gyrB), 74.3-92.7 % (rctB) and 33.8-72.5 % (toxR) ( Table 3 ).
For the protein-encoding genes, we also examined the amino acid sequences, applying MP and NJ analyses using the Poisson correction. As expected, these sequences resulted in a less clear separation between species because of the more conservative character of amino acid sequences.
Focusing on the species and their appearance as monophyletic, paraphyletic or polyphyletic groups in the trees generated, we can conclude that V. parahaemolyticus and V. natriegens were monophyletic in all instances, followed by V. harveyi (monophyletic with all genes except gyrB, where it was paraphyletic to V. campbellii CAIM 128). V. alginolyticus and V. rotiferianus were monophyletic with four genes: rctB, rpoD and toxR for both species, in addition to pyrH and gyrB, respectively. Finally, V. campbellii was monophyletic only with rctB, rpoD and toxR ( Fig. 1 and Supplementary Figs S1 and S2) . Therefore, in terms of tree topology, it can be concluded that the 16S rRNA gene, recA, gyrB and pyrH are not adequate for resolution of the six species of the core group of the genus Vibrio. In contrast, the other three genes, rctB, rpoD and toxR, can individually resolve each of the six species of the core group, although their relative positions can vary depending on the gene and the treeing method applied ( Fig. 1 and Supplementary Figs S1 and S2) .
Following a representation used in a previous MLSA study (Martens et al., 2007) , Fig. 2 shows the taxonomic resolution of each individual gene, defined as the overlap or gap between the maximum intraspecific distance and the minimum interspecific distance, depicted as percentage similarity. For the 16S rRNA gene sequence, the overlap between the intraspecific and interspecific distances is very large, from which almost no discrimination ability can be expected. Genes recA, gyrB, pyrH and rctB also show some degree of overlap. In the case of gyrB and rctB, the detected recombination events are the cause of this overlap. For pyrH, the low resolution affects only the species V. campbellii and V. rotiferianus, since several strains among them cause them to be polyphyletic. For recA, the resolution is even lower, making it less suitable for MLSA in this group of organisms. Finally, rpoD and toxR, with a slight overlap and a large gap, respectively, are the genes that wield the highest discriminatory power.
Concatenated gene sequences
Analysis of concatenated gene sequences enhances the quality of the phylogenetic reconstruction and optimizes the taxonomic resolution by adding more informative data and minimizing the weight of recombination events.
Concatenation of the seven genes yielded a sequence of 5492 nt. Trees resulting from NJ, MP and ML analyses are shown in Fig. 3 and Supplementary Fig. S3 . All six Vibrio species appear as monophyletic, well-defined clades in all trees. The relative branching order of the six species obtained with NJ seems to be more in agreement with DNA-DNA hybridization data from the classical studies on the genus Vibrio (Reichelt et al., 1976; Brenner et al., 1983) than the relationships established with MP and ML analyses. In those studies, the V. harveyi hybridization group was first established, containing two pairs of sister species, V. harveyi-V. campbellii and V. Table 3 . Distances as percentages of differences in total nucleotide sequence positions Intraspecific (in bold) and interspecific variability applies for V. harveyi (10 strains), V. campbellii (13 strains), V. rotiferianus (nine strains), V. parahaemolyticus (four strains), V. alginolyticus (four strains) and V. natriegens (three strains). 11.8-12.4 11.2-11.9 13.3-14.0 0.5-0.9 5. V. alginolyticus 11.6-12.2 9.1-11.8 12.7-13.2 9.5-11.2 0.9-4.7 6. V. natriegens 13.8-14. MLSA of the core group of Vibrio alginolyticus-V. parahaemolyticus, with V. natriegens as a less-related member of the group. Although V. rotiferianus was not described at the time of those studies, DNA-DNA relatedness data obtained later (Gomez-Gil et al., 2003 ) suggest a closer relation to the pair V. harveyi-V. campbellii. All these phylogenetic relationships are depicted in Fig. 3 . Therefore, concatenation of all seven genes is shown to be a very good tool for identification at the species level as well as for inferring phylogeny in the core group (Fig. 3) . In addition, this combination of genes improves the phylogenetic reconstruction obtained by Thompson et al. (2007) , which resolved V. harveyi as a monophyletic cluster but yielded several paraphyletic clades for V. campbellii and V. rotiferianus strains.
A second approach to combine sequence data used the three most resolving genes, toxR, rpoD and rctB (Fig. 2) . The concatenated sequence was 1848 nt long. As shown in Supplementary Fig. S4 , the phylogeny inferred is essentially the same as that obtained with the seven concatenated genes. Nonetheless, the resolution, in terms of interspecies sequences similarity, was superior for the three concatenated sequences to that obtained with the seven concatenated sequences (Fig. 2) .
The six protein-encoding genes used in the present study were chosen in light of the fact that all of them had been used previously in studies of species of the Vibrionaceae (Le Roux et al., 2005; Thompson et al., 2005 Thompson et al., , 2007 Urbanczyk et al., 2007; Rameshkumar et al., 2008) . All of them fit the following requirements: suitable size to be sequenced, enough informative sites and an evolutionary rate faster than that of the 16S rRNA gene but slow enough to preserve phylogenetic information. Thompson et al. (2005) used rpoA, recA and pyrH to elucidate the phylogeny of the Vibrionaceae, but the trees including the core group species contained only the sequences of the type strains and therefore did not show intraspecific variability. Later, Thompson et al. (2007) used pyrH, recA and gyrB, among others, in an MLSA of V. harveyi and V. campbellii and found that pyrH resolved both species satisfactorily, while recA and gyrB did not clearly resolve them. We agree with the lack of resolution of recA and gyrB in the V. harveyi group, but our results show that pyrH is unable to resolve V. campbellii and V. rotiferianus, and therefore it also should not be recommended for discriminating closely related species.
Recent taxonomic studies sustain the contribution of MLSA data to the description of novel taxa (Le Roux et al., 2005; Urbanczyk et al., 2007; Rameshkumar et al., 2008) . Le Roux et al. (2005) described Vibrio gigantis on the basis of individual gene trees, comparing the four strains of the species with type strains of the Vibrio splendidus clade. This clade contains eight species that are related genomically and phylogenetically as closely as the core group. Of the four protein-encoding genes used, gyrB was the least resolving, while the others, rpoD, rctB and toxR, gave the best discrimination between species. These results agree completely with our own results for the core group. Urbanczyk et al. (2007) proposed a new genus, Aliivibrio, to accommodate Vibrio fischeri and closely related species. They sequenced several genes (recA, rpoA, pyrH, gyrB and 16S rRNA), and the concatenated sequence was analysed phylogenetically, supporting the proposal of a novel taxon. Rameshkumar et al. (2008) reported the phylogenetic analysis of the concatenated sequence of four genes, the 16S rRNA gene, rpoA, recA and pyrH, in the description of a novel species, Vibrio porteresiae. However, in these two studies, the role of MLSA is rather superfluous, since the phylogenetic inferences they present can be sustained by 16S rRNA gene sequences alone and, in any case, none of them serves as an example of discrimination between closely related species.
DNA-DNA hybridization
The eleven strains used for DNA-DNA hybridization experiments included the type strains of V. harveyi, V. campbellii and V. rotiferianus, along with additional representative strains of each subclade formed in the concatenated analysis (Table 2) . Intraspecific DNA-DNA reassociation was always above the 70 % threshold value, with V. harveyi showing the highest values (96-100 %) and V. campbellii the lowest (71-80 %). These results are in agreement with the lowest intraspecific genetic diversity of the species V. harveyi obtained in our study and noted previously by Thompson et al. (2007) . Interspecies reassociation values were always above 45 %, reaching values very close to 70 % in the case of some environmental strains of V. campbellii and V. harveyi with respect to the type strain of V. rotiferianus. Such high DNA-DNA reassociation values have been reported already for the pair V. harveyi-V. campbellii by Reichelt et al. (1976) and Brenner et al. (1983) and for V. rotiferianus with the other two species by Gomez-Gil et al. (2003 . Therefore, within the core group of Vibrio, the species V. harveyi, V. campbellii and V. rotiferianus form a subgroup of more recent speciation, making species identification difficult even by complete genome comparison.
Correlation of DNA-DNA hybridization values with MLSA data
In order to validate the usefulness of MLSA for the resolution of the Vibrio species studied, we have calculated the correlation of the MLSA data against DNA-DNA hybridization. In addition to the DNA-DNA hybridization data obtained in this study (Table 2) , we have also used data retrieved from the literature (Supplementary Table S2 ; Reichelt et al., 1976; Gomez-Gil et al., 2003 , provided that they corresponded to strains used in our MLSA study or known equivalents.
The linear Pearson's product-moment correlation coefficient was calculated between the DNA-DNA relatedness matrix and the corresponding similarity matrices of the seven individual genes, the concatenation of the seven genes and the concatenation of the three most resolving genes (rpoD, rctB and toxR). Each comparison correlated 62 pairs of values. The coefficients obtained were as low as 0.46 for the 16S rRNA gene, followed by 0.62 for recA, 0.65 for rpoD, 0.68 for pyrH, 0.69 for gyrB, 0.74 for toxR and 0.81 for rctB. The corresponding value for the seven concatenated genes increased to 0.84, which is the best value obtained, while the concatenation of the three most discriminative genes gave a figure of 0.79. Therefore, the only good correlation values are those for rctB and the seven concatenated genes, which are above 0.80. Adékambi et al. (2008) found similar values when they examined the correlation of DNA-DNA hybridization values with rpoB gene sequence similarities. These authors stressed the difficulties found in correlating DNA-DNA hybridization values and sequence similarities, mainly resulting from the multiple factors that affect hybridization experiments. In our study, another reason for these low correlation values may be the inclusion of strains with a borderline position for species definition according to DNA-DNA reassociation values.
We also represented DNA-DNA hybridization values against similarities of concatenated sequences of the three most resolving genes (rpoD, rctB and toxR) (Fig. 4) . Two threshold values can be defined: above 90.3 % sequence similarity, two strains can be considered to be members of the same species and, below 85.2 %, they can be considered to represent different species. These results are satisfactory because they allow reliable differentiation of Vibrio species even within the closely related species of the core group by nucleotide sequence comparisons without the need to perform DNA-DNA hybridization and make interlaboratory data comparison easier.
Conclusions
MLSA has been widely demonstrated to be a good substitute for DNA-DNA hybridization in studies of the Vibrionaceae. However, as discussed above, the choice of the protein-encoding genes is of great importance in this method, since not all genes to which it has been applied so far are really useful, particularly if the strains being analysed belong to tightly related species. This study also shows the importance of including a reasonable number of strains for each species, and not only type strains, so that intraspecies variability can be measured and compared with the interspecies variability. Failure to do so can result in an overestimation of the discriminatory power of the genes employed. Finally, if, in addition to phylogenetic analysis, researchers intend to propose MLSA as a replacement for DNA-DNA hybridization assays, it is very important to validate the method by comparing both. To the best of our knowledge, this is the first report of this kind employing Vibrio species.
Our study demonstrates that, of six protein-encoding genes, only two -toxR and rpoD -served the purpose of reliable species identification based on sequence similarity. Of the other genes, recA pyrH and gyrB gave poor resolution and, in some aspects, they did not represent a real advantage over the 16S rRNA gene.
For the aim of phylogenetic inference, three genes -rpoD, rctB and toxR -succeeded in presenting all species as monophyletic groups but offered different interpretations about their relative order of evolution. The concatenated sequences of these three genes harmonized and stabilized the resulting topologies ( Supplementary Fig. S4 ) to the same extent as the concatenated sequences of all seven genes ( Fig. 3 and Supplementary Fig. S3 ). This latter concatenation gave the best correlation (0.84) between MLSA of the core group of Vibrio sequence similarities and DNA-DNA hybridization values. Nevertheless, its taxonomic resolution in terms of the gap between intraspecific and interspecific sequence similarities was not as good as that of the concatenated sequences of rpoD, rctB and toxR (Fig. 2) .
Therefore, and depending on the purpose, future studies on Vibrio species can be better designed, minimizing the number of genes that need to be studied by taking into account these conclusions.
